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Metamorphosis and Participate in the
Formation of Imaginal Sensory Axonal
Pathways in the Notum of Drosophila
Akiko Usui-Ishihara, Pat Simpson, and Kazuya Usui1
Institut de Ge´ne´tique et de Biologie Mole´culaire et Cellulaire, CNRS/INSERM/ULP,
BP 163, 67404 Illkirch Cedex, C.U. de Strasbourg, France
In each hemimesothorax of Drosophila, a cluster of five larval multidendrite neurons that survives metamorphosis is
described. The cell bodies of these neurons, initially grouped together, spread out over the medial heminotum during early
pupal stages and extend new dendrites. Growing axons from sensory bristle neurons first appear in a defined orientation
specific for each macrochaete. They subsequently contact processes from the larval multidendrite neurons and then appear
to follow the preestablished axon trajectories of the latter. Ablation of the multidendrite neurons during the larval stage
causes bristle axons to adopt abnormal trajectories. We suggest that the persistent larval neurons participate in guiding
axons of the bristles on the medial half of the notum to the posterior dorsal mesothoracic nerve leading to the central
nervous system. © 2000 Academic Press
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mINTRODUCTION
During the process of metamorphosis in holometabolous
insects, the larval tissues are mostly destroyed and the
adult body is constructed from imaginal discs. Many sen-
sory neurons are born de novo in the imaginal discs after
upation and their axons have to navigate a considerable
istance to the central nervous system (CNS) to make
onnections there. There have been a number of reports
hat persistent larval neurons play a role in guiding imagi-
al axons (Truman and Reiss, 1976; Breidbach, 1987; Lakes-
arlan et al., 1991). Thus imaginal sensory organs in the leg
discs in Drosophila rely on pathways set up by several
neurons of sensory organs present in the disc in the larvae
before metamorphosis (Jan et al., 1985; Tix et al., 1989a).
imilarly, the connection between photoreceptors of the
maginal eye and the CNS depends upon a larval pioneer
erve, Bolwig’s nerve, that is associated with the eye
1 To whom correspondence should be addressed at the Institut de
Ge´ne´tique et de Biologie Mole´culaire et Cellulaire, CNRS/
INSERM/ULP, 163, 67404 Illkirch Cedex, C.U. de Strasbourg,
France. Fax: 133.(0)3.88.65.32.01. E-mail: kusui@IGBMC.du-strasbg.fr.
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All rights of reproduction in any form reserved.maginal disc in the larva as well as optic lobe pioneers
hich may be target cells of Bolwig’s nerve (Steller et al.,
987; Tix et al., 1989b). Other discs, such as the wing/
horacic disc, are not innervated during larval life and
eurons arise only after puparium formation (Anderson,
984; Jan et al., 1985). Axons on the wing blade grow in a
roximal direction toward the body and join to form two
ewly established pathways along two of the wing veins
nd subsequently enter the CNS (Palka et al., 1983). Path-
nding of the axons from sensory bristles arising on the
otum has not yet been investigated.
The Drosophila larva bears three distinct types of sensory
rgans, external sensory organs, chordotonal (ch) organs,
nd multidendrite (md) neurons. The latter are internal
rgans consisting of only a single neuron with multiple
endrites and no support cells (Campos-Ortega and Harten-
tein, 1985; Ghysen et al., 1986; Bodmer and Jan, 1987;
hysen and Dambly-Chaudie`re, 1992; Jan and Jan, 1993).
ased on their morphology and location md neurons have
een classified into dendritic arborization (da), bipolar den-
rite (bd), and tracheal dendrite (td) neurons (Bodmer and
an, 1987). Despite a number of studies, the function of the
d neurons remains unclear. It has been suggested that the
a and the td neurons may act as proprioceptors and the bd
357
358 Usui-Ishihara, Simpson, and UsuiFIG. 1. Sensory axon pathways, labeling of multidendrite neurons (md neurons), and BrdU incorporation. (A) Camera lucida drawing of
a pupal right heminotum, 18 h APF, showing the trajectories of the macrochaete axons. The macrochaetes are labeled a, anterior; p,
posterior; DC, dorsocentral; NP, notopleural; SA, supraalar; PA, postalar; SC, scutellar; and PS, presutural. Small circles represent the
microchaete precursors that have started to divide but have not yet generated the four cells of the future bristle organ. Three md neurons
are seen anterior to the aDC neuron. The two main nerve routes (the aDC and the pDC routes) that extend laterally and join the posterior
dorsal mesothoracic nerve are shown in orange and blue. (B) Schematic diagram of the larval muscles and nerves in the mesothorax, redrawn
from Campos-Ortega and Hartenstein (1985) and Bate (1993). Only the dorsal oblique muscles 1, 2, and 3 (DO1, 2, and 3 in yellow) survive
metamorphosis; later they are modified and used as templates for the adult dorsal longitudinal muscles (Costello and Wyman, 1986;
Fernandes et al., 1991; Bate, 1993). DO1, 2, and 3 are innervated by motoneuron branches of the intersegmental nerve (ISN; thick blue line)
(Johansen et al., 1989). Sensory neurons (thin blue lines) in both dorsal and lateral clusters (light blue ovals) fasciculate with the ISN to reach
the CNS (Campos-Ortega and Hartenstein, 1985; Ghysen et al., 1986). Sensory neurons of the ventral cluster (thin red lines and light red
oval) join the segmental nerve (SN; thick red line). After histolysis of most larval structures in the pupal mesothorax, motoneuron branches
of the larval ISN and their associated muscles survive (Fernandes et al., 1993). (C) Pupal right heminotum at 8 h APF, stained with 22C10.
A group of five positive cells with spindle-shaped bodies is located lateral to the DC neurons (labeled aDC and pDC). The neurons are drawn
in red (bristles), black (md neurons), and green (larval motoneuron) in the inset. (D) Anti-HRP staining of the notum at 14 h APF, showing
two of the spindle-shaped cells with their axons and many projecting dendrites typical of md neurons. The axon of the aDC neuron is seen
to be associated with one of the md neurons in this preparation. (E) The cluster of five md neurons in the 8-h pupa seen with E7-2-36 labeling
and drawn in black in the inset (green denotes the motoneuron). (F, G, H, and I) The cluster of md neurons in the thorax of a
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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359Larval Md Neurons Associate with Adult Sensory Organsneuron as a mediator of pathfinding (Bodmer and Jan, 1987).
Recently, using a GAL4 insertion in the smallminded gene
(Long et al., 1998), C161-GAL4, which is expressed in only
a subset of internal sensory neurons, Shepherd and Smith
(1996) showed that three larval abdominal md neurons per
hemisegment survive metamorphosis. They discussed the
possibility that these larval neurons may act as guidance
cues for the later development of imaginal sensory neurons.
We discovered some previously unidentified neurons asso-
ciated with the axons of bristles on the notum. Here, with
the use of C161-GAL4, we describe a small group of larval
md neurons in the mesothoracic hemisegment that persist
throughout metamorphosis and become associated with the
bristle axons. They are probably homologous to the persis-
tent md neurons in the abdomen.
During the early stages of metamorphosis the wing discs
evert and the two halves of the notum meet and fuse along
the dorsal midline. The precursor cells of the large bristles,
or macrochaetes, are already present at this time; they
undergo two differentiative divisions and their sensory
neurons begin axonogenesis shortly after the last division
(Hartenstein and Posakony, 1989). Axons of the bristles on
the lateral half of the notum have only a short distance to
navigate before reaching the posterior dorsal mesothoracic
nerve (PDMN; Power, 1948), which they then follow to the
CNS. Bristles on the medial half of the notum send axons
that grow in a lateral direction but have to cross most of the
surface of the heminotum before joining the same PDMN.
Our studies show that the persistent larval md neurons
come to underlie the imaginal notum in the vicinity of the
medial bristles. They extend dendrites that fasciculate with
growing bristle axons. Furthermore we show that ablation
of the md neurons at the late larval instar can cause
imaginal bristle axons to travel along a different pathway.
This suggests that the md neurons play a key role in the
formation of sensory axonal pathways during the pupal
period.
MATERIALS AND METHODS
Fly Stocks
A wild-type line Oregon-R, an md neuron-specific enhancer trap
line E7-2-36, and a proprioceptor-specific GAL4 line C161 were
C161-GAL4-UAS-GFP embryo (F), third-instar larva (G), white pre
are aligned and one is situated more proximally. Long filaments ca
the imaginal discs have everted and the notal epithelium has begun
in the midline and so the cluster of labeled md neurons that can be s
the puparium and so the cell outlines are difficult to distinguish. T
preparation. (J) Double staining of a 13- to 14-h pupa with 22C10
neurons (arrows) are seen, their nuclei are not stained. Scattered nu
(J), anterior is to the top and in (B), (F), (G), and (H), anterior is t
abdominal segment.
Copyright © 2000 by Academic Press. All rightused (Brewster and Bodmer, 1995; Shepherd and Smith, 1996). The
latter was crossed to a stock carrying UAS-GFP (Brand and Perri-
mon, 1993). All stocks were reared on standard medium.
Immunohistochemistry
After dissection and fixation, pupae were incubated with pri-
mary antibodies mouse monoclonal antibodies 22C10 against
neurons and developing muscles (Zipursky et al., 1984), 40-1a
against bacterial b-galactosidase (J. Sanes, the Hybridoma Bank),
nd a rabbit antibody against horseradish peroxidase (HRP; Jack-
on), which labels neurons (Jan and Jan, 1982), and then with
ppropriate secondary antibodies coupled with HRP, alkaline phos-
hatase, Oregon green, or biotin followed by streptavidin–Cy3.
ictures were processed using PhotoShop (Adobe) software to
reate pan focal images.
BrdU Incorporation
Protocol 10 from Ashburner (1989) was used to examine the
origin of the md neurons. Larvae were grown on medium contain-
ing BrdU, and anti-BrdU antibody (Becton Dickinson) staining was
performed on 13- to 14-h pupae.
Laser Ablation of Md Neurons
Larvae were anesthetized with carbon dioxide for 10 min and
then mounted in PBS buffer on a glass slide with a coverslip. The
position of the md neurons was monitored under the microscope
with Nomarski filters, and focused laser pulses were applied (445
nm, VSL 337; Laser Science, Inc.; Farrell and Keshishian, 1999).
Then the animals were allowed to develop on standard medium
until the appropriate stages. A total of 250 larvae were treated, of
which 48 (about 20%) survived until the appropriate pupal stages.
The animals were sacrificed at two different stages and stained
with the 22C10 antibody. An “early” group of 21 pupae was
examined at 16–18 h after puparium formation (APF). Of these 8
were eliminated because the control unoperated side revealed the
animals to be at an earlier stage probably as a result of a develop-
mental delay induced by the laser treatment. A “late” group of 27
pupae was examined at 24–38 h APF. Of these, 13 were eliminated
because of damage induced by the dissection procedure. Thus 13
early and 14 late pupae were analyzed in detail.
(H), and 4.5-h pupa (I). The cell bodies of four of the five neurons
seen at the larval and white prepupal stages. In the 4.5-h pupa (I)
xpand, but the two halves of the imaginal notum have not yet met
nderneath is of larval origin. Here they were photographed through
d clusters in the metathorax and abdomen are also visible in this
anti-BrdU after BrdU incorporation during larval stages. Two md
n the muscles and epidermis are labeled. In (A), (C), (D), (E), (I), and
left. T2, T3, and A1 refer to mesothorax, metathorax, and firstpupa
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360 Usui-Ishihara, Simpson, and UsuiRESULTS
A Cluster of Multidendrite Neurons Is Present in
the Early Pupal Mesonotum
The imaginal notum bears large mechanosensory
bristles, macrochaetes, that occupy stereotyped positions
and small bristles, microchaetes, that are arranged into
longitudinal rows over most of the notum (Fig. 1A). The
sensory mother cells of the macrochaetes appear much
earlier than those of the microchaetes and also begin
axonogenesis earlier. Axonogenesis of different bristles
does not occur simultaneously, it starts at specific,
reproducible times for each macrochaete. At about 8 h
APF the precursors of the macrochaetes have completed
the two differentiative divisions and the neurons of some
of them have begun axonogenesis (Hartenstein and Posa-
kony, 1989). At this stage, before the first bristle axons
have extended very far, five to six spindle-shaped md
neuron-like cells are found. These cells are grouped
together and bear short and often kinked axons that
diverge from the persistent larval motor neurons of the
intersegmental nerve (Figs. 1B and 1C). Both the cell
bodies and the axons stain positively with antibodies
against HRP and 22C10. In contrast they stain negatively
for antibodies to glial markers such as reversed polarity
and glial cells missing/glide (Fig. 1C and not shown;
Halter et al., 1995; Jones et al., 1995).
Morphologically these cells resemble md neurons (Figs.
1C and 1D), so we examined the expression of two
md-specific markers: the enhancer trap line E7-2-36 that
labels all embryonic md neurons and the GAL4 line C161
that labels proprioceptive sensory neurons (Bodmer and
Jan, 1987; Brewster and Bodmer, 1995; Shepherd and
Smith, 1996). Double staining for E7-2-36 and anti-HRP
revealed five labeled cells in the 8-h pupa (Fig. 1E).
Similarly, when crossed to UAS-GFP, the GAL4 line
C161 also labeled a cluster of five neurons in the early
pupa (Fig. 1I). We therefore conclude that these cells are
md neurons. Interestingly, a similar group of labeled
cells can also be seen in the metathoracic segment of
the pupa; the clusters of md neurons in the pupal
abdomen described by Shepherd and Smith (1996) were
also visible.
Three bundled ch organs can be seen in the embryonic
thoracic segments (Campos-Ortega and Hartenstein, 1985;
Ghysen et al., 1986) but so far ch organs have not been
reported on the adult notum or in the mesothoracic imagi-
nal disc. We observed, however, three ch organs on the
pupal notum, either close to the posterior dorsocentral
macrochaete (pDC) or between the pDC and the anterior
dorsocentral bristle (aDC; not shown). Three similar
bundled ch organs were also found in the metathoracic
segment (data not shown).
Copyright © 2000 by Academic Press. All rightThe Multidendrite Neurons Originate from the
Dorsal Cluster of Embryonic Neurons
The md neurons on the 8-h pupal notum bear long axons
and appear to be fully mature, and as it has been reported
that the C161-positive proprioceptive neurons survive
metamorphosis (Shepherd and Smith, 1996), they could
possibly be of larval origin. In order to verify this, DNA
synthesis was monitored by looking at the incorporation of
BrdU, revealed by immunocytochemistry with an anti-
BrdU monoclonal antibody together with double staining
for 22C10 (Schubiger and Palka, 1987; Truman and Bate,
1988). In the 13-h pupa no label could be detected in the
nuclei of the md neurons (Fig. 1J). In contrast, nuclei of
scattered cells in the imaginal epidermis and cells of the
bristle organs stained positively.
We then tried to determine which larval md neurons
correspond to the mesothoracic pupal md neurons. Of the
three groups of embryonic sensory organs present in the
larva (the dorsal, lateral, and ventral clusters), only the
axons of those of the dorsal and lateral clusters follow the
intersegmental nerve (Fig. 1B; Campos-Ortega and Harten-
stein, 1985). The sensory organs of the embryonic thoracic
dorsal cluster, which includes five md neurons, are located
on the epidermis adjacent to the dorsal oblique muscles
(Bodmer et al., 1989). These muscles persist throughout
metamorphosis. Axons of mesothoracic md neurons always
diverge from the motor neuron branches of the ISN and
survive together with the muscles (Figs. 1B and 1C;
Campos-Ortega and Hartenstein, 1985). Moreover, like the
pupal cluster, the dorsal larval thoracic cluster contains five
md neurons and three ch organs. In order to trace the origin
of the pupal mesothoracic md neurons, we followed the
dorsal embryonic cluster by means of the C161-GFP strain.
The cluster of md neurons can be seen on the dorsal side of
the second thoracic segment in embryos, larvae, white
prepupae, and prepupae (Figs. 1F–1I). In early third-instar
larvae, md neurons have quite long axons and dendrites and
are located separately. Subsequently from the late third-
instar larval to the white prepupal stages, the md neurons
are arranged in a characteristic spatial array that is similar
to the cluster of md neurons seen in the early pupa (Figs. 1G
and 1H). At the prepupal stage, the md neurons survive
metamorphosis together with the larval dorsal muscles. We
conclude that the thoracic md neurons do not arise in the
pupa, are of larval origin, and correspond to the dorsal
cluster of larval md neurons. This result is confirmed by the
laser ablation experiment, see below.
Multidendrite Neurons Contact the Growing Axons
of the Macrochaetes
We have examined the association of the md neurons
with the bristle neurons. The time course, after puparium
s of reproduction in any form reserved.
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361Larval Md Neurons Associate with Adult Sensory Organsformation, of axonal growth from different sensory bristles
is quite reproducible in different individuals. We describe
the detail of the trajectories of the anterior and posterior
dorsocentral bristle axons. These routes are the two main
axon pathways with which most of the macrochaete axons
fasciculate (Fig. 1A). At 8 h APF the first bristle axons, those
FIG. 2. Axons of the dorsocentral bristle neurons associate with d
stained with 22C10, which reveals a few main dendrites, or anti-H
drawn in red (bristles), black (md neurons), and green (motoneuron)
the pDC axon can be seen extending laterally. A 13-h pupa stained
contact the dendrite of the pDC-associated md neuron. Another m
pupa stained with 22C10 is shown in (C), in which axons from the
alongside the pDC-associated md (black arrow in inset). An additio
in inset). Whereas the C161-GAL4 insertion labels five neurons on t
with anti-HRP and the insertion E7-2-36 at later stages. At 14 h A
the number does not increase further. We have been unable to dete
and (F) are of 12-, 14-, and 16-h pupae, respectively, stained with a
extends toward the aDC-associated md neuron but the two cannot
aDC axon and the aDC-associated md neuron. In (F) axons of the a
together. Anterior is to the top.of the pDC and the scutellar bristles, have initiated axono- t
Copyright © 2000 by Academic Press. All rightenesis (Figs. 1C and 3A). In all preparations at this stage
he md neurons are still clustered together in a group. The
osition of the group, relative to the bristles, is somewhat
ariable but it is generally located just above or on the
ateral side of the aDC bristle (Figs. 1C and 3A). The spatial
elationships of the md neurons are similar to those seen in
ites from persistent larval multidendrite neurons. Preparations are
by which numerous finer dendrites can be seen. The neurons are
e insets. A 12-h pupa stained with 22C10 is shown in (A) in which
h anti-HRP is shown in (B) in which the pDC axon can be seen to
ron can be seen just above the pDC-associated md neuron. A 16-h
scutellar bristles are joined with the pDC axon to extend laterally
unidentified neuron can be seen just beside the pDC (white arrow
minotum throughout the entire pupal period, additional cells stain
t most eight positive cells (instead of five) are seen, and after that
e the origin of the additional neurons. Preparations seen in (D), (E),
RP (D, F) or 22C10 (E). The aDC axon with many filopodia in (D)
en to contact one another. In (E) a filament can be seen joining the
nd the aDC-associated md neuron can be seen extending laterallyendr
RP
in th
wit
d neu
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nal,
he he
PF, a
rmin
nti-H
be se
DC ahe early pupa; four of the cell bodies are close together and
s of reproduction in any form reserved.
362 Usui-Ishihara, Simpson, and UsuiFIG. 3. Pathways of the dorsocentral macrochaete axons and their associated multidendrite neurons over the notum at different stages.
Drawings are from individual preparations of pupal nota fixed at 8 (A), 10 (B), 12 (C), 14 (D) and 16 h (E) APF and stained with 22C10. Bristle
neurons and axons are shown in red, md neurons and processes in black. Green denotes the motoneuron. The md neurons are seen to have
short processes and to be clustered together at 8 h, but the cell bodies are dispersed over the medial notum in preparations made at later
stages and long dendrites have appeared. Axons of the pDC are seen extending laterally at 8, 10, and 12 h APF and to have contacted the
pDC-associated md neuron in the 14-h preparation. The aDC axon appears later and is extended anteriorly in the 16-h APF preparation in
which it can be seen to have established contact with the aDC-associated md neuron. The scutellar bristles are not shown in (C).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
363Larval Md Neurons Associate with Adult Sensory OrgansFIG. 5. Axon pathways of the dorsocentral bristles in animals in which the md neurons have been ablated. Laser treatment on one
hemithorax of each larva was used to ablate the md neurons and the subsequent axon trajectories are shown in (A) to (F). (A, B, and C) 16–18,
(D) 26–28, and (E and F) 36–38 h APF. (B) A preparation of the thorax of a pupae in which the md neurons were ablated on the right side,
enlarged in (C), and the left side was not treated, enlarged in (A). The md neurons are indicated by black arrows in (A). A white asterisk
marks the analogous position in (B) and (C) but no md axon bundle is visible. On the unoperated side axons of the aDC and pDC bristles
have extended normally and join a common tract indicated by a white arrow in (A) and (B). On the operated side the aDC axon has failed
to turn laterally and appears to taper off, shown by the black arrow in (C). The pDC axon has followed a normal route, however. Insets in
(A) and (C) show the bristle axon tracts in red, the common bristle and md axon tracts in black, and the motoneurons in green. (D) An
abnormal pathway followed by the pDC axon. It has been joined by the axons of the scutellar bristles (aSC and pSC) and extended
posteriorly into the adjacent metathoracic segment. White arrows denote the trajectory of the pDC axon and the open white arrows indicate
the boundary between the meso- and the metathoracic segments. (E and F) The thorax of an animal in which the md neurons have been
ablated on the right side. On the operated side the aDC axon can be seen to have grown posteriorly and joined the pDC tract, shown in red
in (F). On the unoperated side it has grown anteriorly and then turned in a lateral direction. The row 5 microchaete axons, as well as the
presutural microchaete axons, shown in purple in (F), have also behaved differently on the operated side. The row 5 microchaete axons have
extended posteriorly and joined the common aDC/pDC route on the operated side instead of turning laterally, and the presutural
microchaete axons have fasciculated and grown posteriorly.FIG. 4. Pathways of the early forming microchaete axons. 22C10 staining of preparations of 18- (A) or 22-h (C) pupal nota. Axons are drawn
in black, microchaetes in blue, and macrochaetes in red in the corresponding drawings (B) and (D). In (A) the axon of the aDC can be seen
extending anteriorly and then laterally where it joins with axons of the pDC and scutellar bristles. The aDC-associated md neuron and the
presutural microchaete-associated md neuron (indicated by the white and black arrows, respectively) can be seen adjacent to the aDC axon.
At this time the microchaete neurons are visible but have not yet begun axonogenesis. In the preparation photographed in (C) a row of four
presutural microchaetes can be seen to have extended axons in a posterior direction and have joined together and made contact with the
presutural md neuron (black arrow). Similarly the microchaetes that are aligned with the two DC bristles (R5) have also started
axonogenesis; the axons of those above the row of presutural bristles are seen to extend posteriorly. The cell body of the aDC-associated
md is visible near the presutural md neuron. The axon of the aDC is out of focus in this photograph. The dotted line in (C) and (D) denotes
the position of the transverse suture.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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364 Usui-Ishihara, Simpson, and Usuione is situated farther proximally with a short axon that can
be seen to join up with the others.
By 12 h APF, one of the md neurons has extended a long
fine dendrite in a posterior direction toward the axon of the
pDC (Figs. 2A, 3B, and 3C). This pDC-associated md neuron
is one of those found proximal to the axon fascicle of the md
neurons. By 12 h the axon of the pDC has already extended
laterally around the dorsal edge of the medial muscle fiber
of the persisting larval muscles before any contact with an
md neuron can be detected (Figs. 2A and 3C). The tip of the
pDC axon is often bifurcated and one branch can frequently
be seen to be close to the pDC-associated md neuron.
Subsequently, between 12 and 14 h APF, the long dendrite
of the pDC-associated md neuron contacts the axon of the
pDC, since in all preparations fixed after 14 h these neuro-
nal processes are seen to be associated (Figs. 2B, 2C, 3D, and
3E).
At 14 h APF the axon of the pDC runs alongside that of
the md neurons in all preparations. Thereafter, the axon of
the pDC is always aligned with the tract previously estab-
lished by the md neuron, forming an axon bundle consisting
of the md neuron and the pDC. This tract is located at the
posterior lateral edge of the notum and forms one of the two
main pathways (the pDC route) by which the axons of
macrochaetes travel to the CNS (Fig. 1A). It connects the
axon of the pDC with those of the anterior and posterior
scutellar bristles which grow out in a general anterolateral
orientation and fasciculate with one another before fascicu-
lating with the pDC axon (Figs. 2C, 3D, and 3E). Later,
axons of the anterior and posterior postalar and posterior
supraalar bristles, as well as those of the sensilla trichoidea
1 and 2, join this tract (Fig. 1A).
At the time when most preparations reveal a close
association between the pDC-associated md neuron and the
axon of the pDC neuron, the three nearby C161-GAL4-
positive md neurons still have relatively few dendrites. By
14 h APF, two to three of them have migrated into the
dorsocentral region (Fig. 3D) and extended many fine den-
drites, giving them a morphology typical of md neurons
(Figs. 1D and 2D). At this time the aDC neuron has already
TABLE 1
Number of Md Neurons Observed in 16- to 18-h Pupae after
Laser Treatment
Intact md
neurons
Damaged md
neurons
Number of
cases
0 0 6 (46%)
0 1 2 (15%)
1 0 3 (23%)
2 1 1 (8%)
4 1 1 (8%)begun to project its axon. In all animals fixed at 14 h APF, e
Copyright © 2000 by Academic Press. All righthe axon of the aDC neurons can be seen to have grown out
n an anterior or anterior lateral direction before any con-
act with an md neuron is visible. The leading tip of the
xon of the aDC is often branched or bifurcated. One of the
d neurons is located in an anterior or slightly lateral
osition relative to the aDC (Figs. 2C, 2D, and 3D). Contact
etween a dendrite from this aDC-associated md neuron
nd the tip of the axon of the aDC is visible in preparations
ade between 14 and 16 h. At this time the distance
etween the tip of the axon of the aDC and the cell body of
he aDC-associated md neuron is relatively short (about
0–30 mm). In preparations in which contact has been
established with the aDC, the cell body of the aDC-
associated md neuron is found just anterior to the aDC.
After growing anteriorly for some distance, the axon of the
aDC makes an abrupt turn at about the level of the
transverse suture of the scutum and then grows laterally
(Figs. 1A, 2F, 4A, and 4B). In preparations in which the aDC
axon has accomplished this right-angled turn, the axon
always runs alongside that of the md neuron (n . 500). The
aDC axon remains aligned with the axon of the aDC-
associated md neuron and establishes the other main path-
way (the aDC route) to the CNS (Fig. 1A). Later, axons of a
specific group of microchaetes in the DC region (the aDC
group; Usui-Ishihara et al., 1995) fasciculate with the aDC
axon and follow this pathway.
Multidendrite Neurons Are Associated with Early
Axons of Some Microchaetes
Microchaete precursors form much later than macro-
chaete precursors, between 8 and 12 h APF, and they arise
in rows (Usui and Kimura, 1993). Multidendrite neurons
also appear to be closely associated with the axons of two
rows of microchaetes, the transverse presutural row and
row 5. These appear considerably earlier than the others.
The transverse presutural row is situated just above the
transverse intrascutal suture in the lateral region of each
heminotum (Figs. 4C and 4D). Axons from the presutural
microchaetes appear at 20 h APF and grow in a posterior
TABLE 2
Frequency with Which Axons of the aDC and pDC Neurons
Establish Contact with Surviving Md Neurons in 16- to 18-h
Pupae after Laser Treatment
Number of
cases
Axon
extension
Animals
with
surviving md
neurons
Contact
with md
neurona
pDC 13 13 (100%) 7 (54%) 2 (15%)
aDC 12 12 (100%) 7 (58%) 1 (8%)
a Contact was observed only between a single md neuron and
ither the aDC or the pDC neuron.
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365Larval Md Neurons Associate with Adult Sensory Organsdirection toward the suture. By about this time the cell
bodies of two md neurons are located near the transverse
suture (Figs. 4C and 4D). At 22 h, one of these md neurons
(the presutural microchaete-associated md neuron, which
was originally one of the distally situated md neurons) is
adjacent to the row of presutural microchaetes; its cell body
is found more dorsally and its axon is seen to run parallel to
the suture. This neuron has an arborization with several
dendritic processes which contact growing axons of the
presutural microchaetes (data not shown). Subsequently the
presutural microchaete axons turn medially to join the
presutural microchaete-associated md axon and then follow
the aDC route (Figs. 5E and 5F). In all preparations in which
the microchaete axons had changed to a medial course they
were closely associated with the md neuron.
The second row to arise early is row 5 (R5), the most
lateral of the five longitudinal rows of medial microchaetes,
whose bristles are aligned with the DC macrochaetes (Figs.
4C and 4D). There are two subsets of R5 microchaetes,
located either anterior or posterior to the transverse suture
(Figs. 4C and D). They display distinct early patterns of
axonal outgrowth at 20 h APF. Those anterior to the suture
extend their axons downward in a posterior direction (Figs.
4C and 4D). In contrast those posterior to the suture extend
their axons in the opposite, anterior direction along the
common axon bundle of the aDC neuron and the aDC-
associated md neuron. Subsequently all R5 microchaete
axons join the aDC route established earlier that runs
laterally along the suture. This route is subsequently joined
FIG. 6. The axon of the aDC bristle follows an abnormal pathway
after ablation of the md neurons. Laser treatment on one hemitho-
rax of larvae was used to ablate the md neurons and axon growth
was examined in 16- to 18 h APF (early) or 24- to 38-h APF (late)
pupae. Three to five examples at each stage are given. The right side
of the thorax is shown in each case. In the early pupae the aDC
axons had extended in an anterior direction and appeared similar to
that of the controls. In the late pupae, however, the axons on the
operated side had made a U-shaped turn and grown in a posterior
direction. In the controls the aDC axons had turned laterally and
grown along the intrascutal suture.by other microchaetes whose axons appear later.
Copyright © 2000 by Academic Press. All rightThe Axons of the Dorsocentral Bristles Follow a
Different Pathway after Ablation of the Md
Neurons
To test whether the md neurons are required for normal
pathway formation of the bristle axons, we attempted to
ablate the md neurons in second- or third-instar larvae
using a laser microbeam (see Materials and Methods).
Ablation was carried out on one side of each experimental
larva. In order to determine the efficiency of the method
some animals were sacrificed as pupae at about 16–18 h
APF (the early group, Tables 1 and 2). At this stage the md
neurons are readily visible, whereas at later stages it is not
always possible to see them all. In 6 of the 13 pupae
examined, no md neurons could be seen. Furthermore, in 5
of these, the axon bundle formed by the axons of the md
neurons (the thick md axon bundle, Fig. 5A) was also
absent. The other 7 pupae retained a variable number of md
neurons: 5 had a single neuron, 1 had three, and another had
five neurons (Table 1). In a number of cases, however, the
surviving neurons appeared to be damaged since the
nucleus displayed abnormal morphology (Table 1). There-
fore, although the technique was not 100% efficient we
were nevertheless able to ablate all of the md neurons in
nearly half of the cases. We then examined the growth of
the DC bristle axons and their eventual contact with md
neurons on both operated and unoperated sides of these 13
pupae (Table 2).
The Early Group
The posterior dorsocentral bristle. On the control un-
operated side of all 13 cases, the axon of the pDC, together
with axons of the scutellar bristles, was seen to have
extended anterolaterally and just before reaching the thick
md axon bundle, it had established contact with one of the
md neurons (Figs. 5A and 5B). On the operated side of all
pupae the axon of the pDC bristle had grown out in a
general posterolateral direction. In 2 pupae the pDC axons
had made contact with an md neuron and appeared no
different from the controls. These 2 animals retained re-
spectively three or five md neurons (Tables 1 and 2). In the
other 11 pupae axons of the pDC bristles had not estab-
lished any contact with an md neuron, even though one or
TABLE 3
Effect of Loss or Damage of Md Neurons on Pathway Formation
of Bristle Axons
Number of
cases
Abnormal
pathway
Normal
pathway Not determined
pDC 14 4 (29%) 7 (50%) 3 (21%)
aDC 14 10 (71%) 1 (7%) 3 (21%)Note. Pathways were examined at 24–38 h APF.
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366 Usui-Ishihara, Simpson, and Usuimore surviving md neurons were present in 7 of them. This
suggests that either the md neuron that usually associates
with the pDC axon was absent or the surviving md neurons
may have been damaged. In 3 cases the pDC axon could be
seen to extend along the axon bundle of the motor neuron
but the end was not visible and so the pathway followed by
these could not be reliably determined. In 8 pupae the pDC
axon had extended laterally as in the wild type and had
reached the vicinity of the aPA bristle but here seemed to
taper off since the ends of the pDC axons could no longer be
visualized (Fig. 5C). Thus, in the absence of md neurons the
pDC axon seems to grow out in the correct lateral direction
but may possibly stall, or slow down, before eventually
establishing correct contact.
The anterior dorsocentral. On the unoperated side of
the 13 early pupae analyzed, the aDC axon had extended
anteriorly in all cases and had established contact with an
md neuron (Figs. 5A and 5B). On the operated side the aDC
axons had also grown out in an anterior direction. However,
the axon had established contact with an md neuron in only
a single case: it was associated with one of the four
morphologically normal md neurons present in this animal
(Tables 1 and 2). In 6 other pupae that retained one or more
sometimes damaged md neurons, the axon of the aDC had
grown anteriorly but not made contact with any md neu-
ron. In 5 of 6 other cases in which no md neuron could be
seen the aDC axons had extended anteriorly, but had made
a wiggly trajectory after the anterior growth (in the sixth
animal the aDC bristle was hidden by a fold in the prepa-
ration). Thus it appears that the aDC axon had extended
anteriorly in the operated animals whether or not md
neurons were present (Fig. 6).
So, from an examination of this early group, we found
that contact was established between an md neuron and the
pDC or aDC bristle axons in only 15 and 8% of the pupae,
respectively (Table 2). Furthermore, it appears that for both
the pDC and the aDC bristles, the initial direction of axonal
outgrowth is determined independent of md neurons.
The Late Group
A second group of 14 pupae was dissected at 24–38 h APF
(the late group) to see the effect on the pathway. At this
stage the pDC and aDC axons have joined up with the
PDMN in wild-type animals, but the presence or absence of
md neurons cannot always be reliably ascertained.
The posterior dorsocentral bristle. In 13 of the 14 late
pupae that were analyzed, the pathway followed by pDC
axons on the unoperated side appeared normal (Figs. 5E
and 5F). In one case the axon was damaged during tissue
preparation and could not be traced. On the operated side
of 7 pupae the pDC axon was connected normally at the
periphery (Table 3). This suggests that, although they
may perhaps initially incur some delay, many of the pDC
axons eventually manage to join other axons along the
lateral tract. It is possible that, since they all start
extending in a correct lateral direction, they eventually
Copyright © 2000 by Academic Press. All righteet up with the aPA axon which itself does not have far
o navigate to reach the dorsal mesothoracic nerve. In 3
ases the pDC axon reached the aPA tract but appeared to
tall. The axons of three other cases also reached the aPA
rojection but could not be followed further. In a single
ase the pDC axon, together with the axons of the aSC,
SC, aPA, and pPA, extended posteriorly into the seg-
ent below and joined an axon bundle in this (metatho-
acic) segment (Fig. 5D).
The anterior dorsocentral bristle. Of the 14 late experi-
ental pupae analyzed, the aDC axon had established a
ormal wild-type pathway in only a single case. In this
nimal the aDC axon had grown in an anterior direction
nd then turned laterally; furthermore an md neuron could
e seen close to the aDC neuron (not shown). In 10 of the 14
ases (71%), after its initial anterior growth, the aDC axon
ad executed a U turn and then extended in a posterior
irection (Table 3, Fig. 6). In 2 of these pupae the axon could
e seen to meet the root of the pDC axon (Figs. 5E and 5F).
n another 8, the tip of the axon could not be clearly seen. In
he 3 remaining cases it was not possible to determine the
rajectory of the axon which may have stalled. Thus, it
ppears that, in the absence of the md neurons, the aDC
xon starts off in the correct anterior direction, but fails to
urn laterally and instead subsequently grows in a posterior
irection and sometimes joins the pDC route (Fig. 6).
urthermore, axons of the R5 microchaetes also behaved
ifferently, in 9 cases they could be seen to have extended
osteriorly alongside the aDC axon, instead of turning
aterally as in the wild type. In addition the axons of the
resutural microchaetes were seen to have behaved abnor-
ally in 13 of the 14 operated animals (Figs. 5E and 5F).
hey had fasciculated together and extended posteriorly
ut, instead of growing along the usual lateral route, their
rowth had continued in a posterior direction.
Thus after ablation of md neurons, the pathway followed
y pDC axons appeared to be normal in 50% of the cases. In
ontrast, in over 70% of the cases, the route taken by axons
f the aDC neuron was clearly different from that used in
ild-type animals (Table 3).
DISCUSSION
Larval Md Neurons Survive Metamorphosis and
Serve to Guide Bristle Axons
Our observations uncover a close association between the
developing axons of the adult sensory bristles and the
persistent larval md neurons. In normal development, pro-
cesses from the md and bristle neurons make contact and
fasciculate. Once such contact has been established the
bristle axons appear to follow the md axon. This is most
visible in the case of the aDC axon that executes a right-
angled turn at the position of the aDC-associated md
neuron to deviate from its initial anterior course and extend
laterally. Ablation of the md neurons in the larva clearly
has profound consequences on the axon pathway of the
s of reproduction in any form reserved.
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growing anteriorly, in most cases the aDC axon turned
posteriorly, grew downward, and sometimes joined the
pDC route. It was observed to execute the right-angled turn
in only two cases (one from the early and one from the late
group) in which either five or a single md neuron(s) could be
seen and contact had been established with one of these. In
a few cases in which persistent md neurons were visible but
appeared to be damaged, contact was not established with
these and the axons failed to make the lateral turn. To-
gether these results strongly suggest a guidance role for the
aDC-associated md neuron. In all of these cases the axons of
row 5 microchaetes (visible in the late preparations) fol-
lowed the abnormal aDC route, suggesting that they rely on
the previously established aDC route for guidance. Simi-
larly, in the absence of md neurons, the presutural micro-
chaete axons also take an abnormal pathway and do not
connect to the PDMN route, suggesting that they too rely
on an md neuron for guidance.
In the absence of the md neurons, the pDC axon grows
laterally and eventually reaches the lateral axon bundle in
most cases, albeit with some delay. However, since its
initial outgrowth is in a general lateral orientation it does
not have far to go before meeting the aPA neuron which is
closer to the lateral edge of the notum. A single preparation
revealed an abnormal trajectory into the adjacent, metatho-
racic segment.
We conclude that the persistent larval md neurons play a
significant role in guiding the axons of the dorsocentral
bristles across the notal epithelium.
Dynamic Behavior of the Md Neuron
The md neurons display very dynamic behavior. First, the
cell bodies, initially clustered together in a group on the
persistent muscles, are later found far apart from one
another, spread out over the imaginal epithelium of the
medial (dorsal) heminotum where the dorsalmost bristle
precursors are found. Their precise positions with relation
to the bristle precursors are variable from animal to animal
and it is unlikely that movement of the md neurons is
related to the presence of the bristle precursors. It could be
passively associated with growth of the imaginal epithe-
lium, although the most significant movement occurs at 10
to 12 h APF, which is before the peak in division of the
imaginal cells at 14 to 16 h APF. Second, some time after
the movement, long dendrites from the md neurons that
were not present earlier can be seen. Almost as soon as they
appear, the dendrites establish contact with the newly
extended bristle axons. This suggests that dendrite exten-
sion may be directly involved in the process of establishing
contact between md and bristle neurons.
Axons of neurons that appear later in development have a
tendency to fasciculate with preexisting axons located
nearby and follow them and also to sprout new processes
(Wigglesworth, 1953; Goodman et al., 1984; Tessier-
Lavigne and Goodman, 1996). However, in most cases that
Copyright © 2000 by Academic Press. All rightave been documented, the preexisting neurons appear to
lay a passive role: they are generally immobile and do not
sually extend new filaments (Goodman et al., 1984). In
ontrast the md neurons described here appear to partici-
ate in a more active manner. Dendrite extension is known
o be regulated by electrical activity as well as other factors
uch as extracellular signaling and hormones (Wong and
ong, 2000; Lee and Sheng, 2000). Dendrite extension of
he thoracic md neurons could be neuronally regulated,
ince Shepherd and Smith (1996) demonstrated a connec-
ion of the pupal abdominal md neurons to the CNS. If so,
hen the persistent md neurons may not only provide a
onvenient route to follow across the notum but may also
urnish more dynamic guidance clues.
Specificity of the Md Neurons?
From our timed preparations it appears that axons from
the bristle neurons grow out in a specific orientation before
any contact has been established with the dendrites of the
md neurons. Thus each bristle has a preferred orientation:
the aDC extends its axon in an anterior direction, the pDC
in a lateral one, and the SC bristles in an anterolateral
direction. It is known that each macrochaete acquires
intrinsic neuronal specificity that is a function of the
position in the epithelium at which it is born (Ghysen,
1980; Grillenzoni et al., 1998). Orientation of early bristle
axon growth may therefore be a cell-autonomous feature or
it may rely on cues from the imaginal epidermis. It seems
unlikely that this early growth occurs in response to the md
neurons, since in pupae in which all md neurons have been
ablated, the axons are initially normally oriented. Contin-
ued growth of the bristle axons, however, may depend upon
a mutual attraction between themselves and the md neu-
rons or their branches. The question then arises as to
whether there is any specificity of the md neurons for
particular bristles.
It is noteworthy that the embryonic dorsal md neurons
arise from three different lineages (solo md, mono-es md,
and poly-es md; Brewster and Bodmer, 1995). Further-
more it has recently been reported that different genes
may be expressed in particular md neurons. The gene
amos, which encodes a basic helix-loop-helix protein of
the atonal family, is required for formation of dorsal
bipolar dendrite neurons and also two or three proximally
located solo dorsal md neurons (Goulding et al., 2000;
Huang et al., 2000). Also the gene pickpocket, which
encodes an ion channel subunit, is expressed in only one
of the dorsal md neurons (Adams et al., 1998). This
suggests that different md neurons may possess specific
properties. The dorsal embryonic cluster includes a
single dorsal bipolar dendrite neuron and five dorsal md
neurons and it is clear from our ablation experiments that
the dorsal bipolar dendrite neuron is not one of the five
pupal neurons. Of the five mesothoracic md neurons,
only three are associated with bristle axons [although one
of the other proximal md neurons may be associated with
s of reproduction in any form reserved.
368 Usui-Ishihara, Simpson, and Usuithe aPA axon (unpublished observations)]. Our observa-
tions reveal that the aDC-associated md neuron is one of
those situated distally in the cluster, whereas the pDC-
associated md neuron is one of those situated proximally.
Further work may reveal whether these two neurons have
properties that allow them to associate preferentially
with one or other of the two DC bristles.
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